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Noncatalytic solid-gas reaction systems are of great industrial importance and
are found in daily use in chemical and metallurgical industries. Important examples
are combustion of carbonaceous matters and regeneration of carbon-deposited catalysts
by oxidation in air. '

Weisz and Goodwin (7) observed, in the regeneration of catalysts at temperatures
below 450°C, that the carbon burn-off is uniform (or "homogeneous") throughout the
catalyst. At temperatures above 600°C, however, the burn-off is of "shell-progres=
sive" or "unreacted-core-shrinking" type, as shown schematically in Figure 1.

Theoretical investigations have been undertaken previously to study the effect
of heat and mass transfer processes on the overall rate of a noncatalytic solid-
gas reaction occurring in a single solid pellet (4, 5, 8, 9). Phenomenological,
rather than mechanistic, approach was adopted in analyzing these complex processes
so that the effect of individual processes on the overall rate could be identified.
The applicability and limitation of the "unreacted-core-shrinking" and ''homogeneous"
models were also presented, and the interrelationship between the two models was
discussed. The concept of "effectiveness factor" frequently used in the studies of
catalysis was extended to noncatalytic solid-gas reaction systems.

The purpose of the present experimental work is to verify the theoretical pre-
diction of theexistences of geometrical and thermal instabilities and the transition
of the rate-controlling steps (ignition or extinction), which occur in a single
particle-gas reaction describable by the unteacted-core-shrinking model.

Consider the simple case of solid-gas reaction taking place on the unreacted
‘core surface:

aA(gas) + S(solid) ==—b~ Gas and/or Solid Product (1)
The rate of reaction for gas component A, r

and for solid reactant S, rg» can
be represented as

A)
r, =arg=-akg ¢t ¢l
The above simplified rate equation will be used in view of the difficulty in obtain-
ing a correct mechanism. As long as the rate equations fit the experimental data
satisfactorily, the simple rate equations will provide an adequate analysis of
overall characteristics of the reaction system provided no extrapolation beyond

the range investigated is allowed.

Based on the unreacted-core-shrinking model as shown in Figure 1, and a constant
particle size during an irreversible chemical reaction, a pseudo-steady-state
material balance for the reactant component A within the inert solid product layer of
the particle can be written as:

V*(CD, %) =(1/r2) (2/ar) (x? Dy, VxX,/2T) =0, re<r<R

If the ideal-gas law. holds for the gaseous phase, i.e., C = P/RT, then at a
constant total pressure P, Co1/T. The effective diffusivity, Dop» may be considered
to be proportional to T1-2~ in the molecular diffusion regime, and to 70-5 in the
Knudgsen diffusion regime. For convenience, D,y may be taken to be roughly proportional
to T--Y considering the possibility of both types of diffusion through the porous
product layer. Therefore, the product CDeA becomes proportional to T, that is
temperature independent. It should be noted, however, that C or Doa itself alone
is affected by temperature variation. With these simplifications, the last equation
now becomes .2 '

A+2 “"a=0 r.<r<R ' (2)
r

The boundary conditions for Equation (2) are
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dxA 4
= R: d = -
r=R; (CD_)y dr (kg Gy = %5g) (3
o] r=R o]
dx
r=r1 ; (CD_,) m .0 4
c eA T, aks(TC) CSo Cac (€)) )
r=r. .
dxp dr
=g _(CDeA . = aCg, di (5
r=r,

where the subscripts T and T_ indicate the quantity to be evaluated at temperatures
of bulk gas and reaction interface, respectively. The initial condition is

t=0;r =R (6)

For a particle with uniform distribution of solid reactant, the.solid concentration,
CSo’ can be considered a constant at the surface of reaction, and therefore the
reaction rate considered here is of the n-th order with respect to the concentratlon 1
of gas component A.

Although equimolar counter-diffusion is assumed in deriving Equation (2), the
application may be extended to non—equimolar cases when there is no significant
volume change of gas or when concentrations of reactant and product gases are very
dilute.

The heat balance in the ash layer is given by

2T _Ke, /221, 2ot r <r<Rr ™
2t C 2 T3 ¢
Pe *2or Y

The boundary conditions are

r=R; =k, 2T =h (T ~T ) + h (T 4) (8)
W
Y
r=R
- . 2 m _n 2 T _4_.3 dT .

r=r_; 4nrcaks(Tc)CSOCAc( AH)+4Hrcke. 35 SJTrcf%Cpc di )]

r=r

The initial condition is ¢
t=0;T-= Tc = Ti . (10)

In Equation (9), it is assumed that the temperature within the unreacted core is
uniform at T . The temperature dependency of the reaction rate constant is
assumed to be of Arrhenius' type:
= o -
ks(Tc) ko exp(-E/RT ) v 11
The effectiveness factor is defined as (4,5)

= Actual (overall) reaction rate
Ms ~ - - - -
Reaction rate obtainable when the reaction site is exposed
to the gas concentration and temperature of the bulk gas phase

Thus, 1

4 lak Ca Ch. k cn n

Ms = ;: s(1.)%so :c = ') "Ac =(\;_g) exp[m (1- 1)] 2)
m n

lm'rcaks(To)CSoCAo kS (TO)CAO c c .

or, by Equations (4) and (5),
M = - Gf¢c
a0
Equation (13) is true for all cascs including those under isothermal situations.
Equations (2) through (10) are to be solved simultancously by a numer1ca]

method. However, even for the Slmpleqf cases of pure heat transfer w1th moving

(13)
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boundary, numerical methods are generally difficult and complicated. Therefore,
some simplifying assumption seems warranted if there is no great sacrifice in
accuracy in. the final results,
Equation (7). However, such a pseudo-steady-state assumption could lead to errors
as well as unreasonable instantaneous temperature. changes (5,8,9). These situations
can be compensated for by introducing a simple energy accumulation term into the
heat balance equation for-the ash layer. For this purpose, the. temperature distri-
bution in the ash layer can be approximated at all times by a steady state profile

):

This can be accomplished by assuming ?T/3t = 0 in

T=Tc+(Ts—Tc)(.;—£..-é-)/(;:-_]T)‘ o - 14)

The accumulation of energy in ash layer is

acc, =

Te

2T. d.R -dr. ‘
4ncper %E_dr = 4WCpe (EEI 2 T dr +rZT d:) - 15)

c .
The integral in thelast equation can now be evaluated using Equation (14) The
accumulation in the ash layer can also be expressed as

acc. = — 4ﬂr k_ 2T
c e
°r

+ 41TR2k 2T 16)
Br

I=r

[4

The heat flux terms in Eqdation (16) can be obtained'ffom Equations (3) and 9).

2 sy )© ) So Ac(“AH) E'

k. N

(R/ 3) Coe

Upon equating Equations (15) and (16) and simplifying, we obtain

3
IhCZ(Ts-To) + hR(Tsl—'r‘w)]‘-(Rﬂ)(fc pe cpe> s, S_T_ +

2364607
T +(T -T,) . ctbe o
[ T ] | an

With some additional mathematical manlpulations, we obtain a fipal set of
equations, Equations (17) through (23), which replace Equations (2) through (10).

e-o0; g, =1 o (18)
o =0 u=u, | a9
Ve = Wy +Ng (1-1/ ;c)(l-ws) ' ' (20)
N, (1) y " ' . :
Mo () exp[ERTHA-1/U)] = (21)
¢sgc (U )‘ . ° - s
W I .
Sn 8 o dgo ., (22)
Ps g a6 '
U, = U+ el g 1O WD) + Oy >R<ug - udy) (23)

Equations (17) through (23) are a set of algebraic and ordinary differential
equations, which can be solved easily by a numerical method. °

When complete steady-state {s assumed, theré is no energy accumulation in the
ash layer (A .= 0) and in the unreacted core (G = 0). In this case it can be
shown that Equatioms (17) through (23) reduce to . )

s

: . : b_yiby
o g WD) + (i) (Ug-Uh

24)

5 (E/ 2
B, (E/RT) ‘£
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and
1 4.1 -1 Yn
| Ny g -
! 1;' 1 ¢ Y 1
Y _ “ERTYA | . exp (EAﬂTo)Qr __u_i_____——.> (25)
ﬁc}iS(JE_)gZ Us—(l— 1 ) LY : Us'( - -—EL)‘l
QTO e Ec . <
vhere Y= @) WD)+ ) et
Nu' ¢ .S ) Nu R .8 W
Existence of three roots for U_ at a fixed is possible for equation (25).

Figures 2 and 3 show the piots of effectiveness factor vs. fractional solid
reactant conversion, and compare unsteady-state heat transfer analysis to that of
pseudo-steady-state. The solid lines in these figures are unsteady-state sclutions j
of Equations (17)~(23) obtained by numerical method. The dashed and dotted lines
represent stable and metastable solutions, respectively, of Equations (24) and (25)
for the pseudo-steady-state case (A = 0, G = 0). Multiple solutions for N are
possible for Eguations (24) and (25) at a fixed X, as shown. s )

Figure 2 indicates a case in which the pseudo-steady-state analysis could lead
to an erroneous conclusion. The chemical-reaction-controlling region would have
never been realized if the pseudo-steady-state analysis had been used. The unsteady-
state analysis on the other hand shows that chemical reaction could be rate-control-
ling when the initial temperature of the particle is sufficiently low (U, = 0.90).
Figure 3 depicts the effect of heat capacity of unreacted core and heat of reaction

on the thermal instability. The occurrence of thermal instability is less likely ‘

when the heat capacity is high. -
Figure 4 illustrates an example of experimental result, which is computed based

on the unreacted-core-shrinking model. The corresponding solutions obtained from 4

Equations (17)-(23) (solid line) and from Equations (24) and (25) (dashed and dotted
lines) are also shown in the figure for comparison.” The experiment was performed

in a thermobalance by burning a single solid sphere in a stream of heated air. The

solid pellet was prepared by mixing a desired proportion of activated charcoal

with aluminum oxide that serves as an inert porous medium. Waterglass (sodium

silicate) diluted with a proper amount of water was used as a binder in forming

the pellets. The particle was heated at 700°C in an inert atmosphere prior to the
combustion test to remove moisture and to insure no weight loss owing to inert

so0lid during the test. "Extinction'" occurred at about 85 percent of solid conversion. ~
The unsteady-state heat transfer analysis (solid line) describes more closely the
experimental result than the pseudo-steady-state (dashed line) at the initial

stage -and during the transition from diffusion- to chemical-reaction-controlled
regime.  The values of effective diffusivity (6) and effective thermal conductivity
(3) are estimated based on empirical correlations. The activation energy and
surface rate constant are calculated from a correlation obtained by Field, et.al
(2) based on data of various investigators. 'In view of the wide variety of data
reported in the literature for the oxidation of carbon, these values are believed
to be good estimates for this purpose. The point to be emphasized here is that it
is possible to predict the approximate reaction path of a solid-gas reaction from
the estimated values of physical and chemical properties.

In general, it was found that most of the characteristic behavior from
theoretical predictions are verifiable by the experimental observation. The
phenomena of geometrical and thermal instabilities of reacting solid are. experimen-
tally verified. The reaction path is easily followed by plotting the effectiveness
factor (or rate per unit area of reaction interface).versus solid conversion.
Ignition and extinction are also observed under certain conditions agreeing, at
least qualitatively, with the theory. '

NOTATIONS

a stoichiometric coefficient

cC D Cc_../aC_ k
Ao eA(1,) P& So®
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total concentration of gases, mole/L3

concentration of species A, C at unreacted~core surface, CAo in bulk
gas phase, CAs at outer surfacé of particle, mole/L

concentration of solid reactant§, Cg, initial concentration, mole/L3
heat capacityof unreacted core, H/MT

volumetric heat capacity of ash layer, H/L3T

effective diffusivity of gaseous component A in ash layer,'Lz/B
activation energy of reaction rate constant, H/mole

f%CpCTO/aCSO(—ZSH), ratio of enthalpy of unreacted core to heat of reaction

convective heat transfer coefficient, H/LZG T

radiational heat transfe; coefficient, H/L29T4

heat of reaction per mole of gaseous reactant, H/mole
effective thermal conductivity of ash layer, H/LO T

mass transfer coefficient of component A across gas film, L/€ -

surface-reaction rate constant based on solid reactant, _3(mtn)-2/p,jemtn-1g

frequency factor for rate constant, L3{(mtn)-2/molemtn-lg

order of reaction for solid reactant '

order of reaction for gaseous reactant

RhC/ke, modified Nusselt number for convective heat transfer
RhRTg/ke, modified Nusselt number for radiational heat transfer
particle Reynolds number

kaA(To)/DeA(To)’ modified Sherwood number

total pressure, F/L

distance from center of sphere, L
radius of unreacted core, L

surface reaction rates of gasecus reactant A and solid reactant §,
respectively, mole/L2g .

particle radius, L

gas constant, H/mole.T
time, 8
temperature, T, at unreacted-core surface, T; initial temperature of

particle, T at bulk gas phase, Ts at outer surface of particle, Tw at
reactor wall, T

T/T°
TC/T0
T,/T,
TS/To
Tw/T0
xA/on’ We = xAc/on’ Wy = xAs/on

mole fraction of component A, x at unreacted-core surface, Xp0 in bulk

© gas -phase, Xpo at outer surface of particle

1- 23, fractional conversion of solid reactant.$
c .

CAoDeA(TO) (-AH)R /keE

porosity of ash layer

S

= e Nda

P,
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effectiveness factor
S(T )CA cm‘ t/R

r/R

rC/R
" density of unreacted core, M/L3

aRk c /D

s(T ) A eA(T )
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